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Abstract: This review explores two main topics: the state-of-the-art and emerging capa-
bilities of high-peak-power, ultrafast (picosecond and femtosecond) long-wave infrared
(LWIR) laser technology based on CO, gas laser amplifiers, and the current and advanced
scientific applications of this laser class. The discussion is grounded in expertise gained
at the Accelerator Test Facility (ATF) of Brookhaven National Laboratory (BNL), a lead-
ing center for ultrafast, high-power CO; laser development and a National User Facility
with a strong track record in high-intensity physics experiments. We begin by reviewing
the status of 9-10 um CO; laser technology and its applications, before exploring poten-
tial breakthroughs, including the realization of 100 terawatt femtosecond pulses. These
advancements will drive ongoing research in electron and ion acceleration in plasma,
along with applications in secondary radiation sources and atmospheric energy transport.
Throughout the review, we highlight how wavelength scaling of physical effects enhances
the capabilities of ultra-intense lasers in the LWIR spectrum, expanding the frontiers of
both fundamental and applied science.

Keywords: ultra-high intensity lasers; long-wave infrared; chirped pulse amplification;
nonlinear pulse compression; laser interaction with matter; laser plasma electron acceleration;
laser plasma ion acceleration; inverse Compton scattering; future collider; directed energy

1. Introduction

High-peak-power lasers operating in the 0.8-1.2 pm wavelength range have been in-
strumental in advancing experimental strong-field physics. Extending their spectral range
from the near-infrared (NIR) into the long-wave infrared (LWIR) domain (8-14 pm) unlocks
new possibilities for optimizing established laser-matter interaction regimes and explor-
ing novel mechanisms. This spectral expansion enhances critical physical processes with
far-reaching implications, driving advancements in high-profile applications such as parti-
cle acceleration, secondary radiation sources, and long-distance atmospheric laser beam
transport—all benefiting from the wavelength-dependent scaling of these interactions.

Recent advancements in high-peak-power LWIR laser technology have been propelled
by the development of multi-terawatt, picosecond systems, such as those at UCLA [1] and
the Brookhaven National Laboratory (BNL) Accelerator Test Facility (ATF) [2,3].

This paper reviews the capabilities of the BNL ATF picosecond LWIR laser, explores
opportunities for its advancement toward the multi-terawatt femtosecond regime, and
examines its current and emerging research applications. The focus on ATF is justified
by its status as one of the leaders in advanced LWIR laser development and its role as a
National User Facility with the most extensive record of multidisciplinary experiments in
the LWIR spectral domain.
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Section 2 provides an overview of state-of-the-art high-power LWIR laser technol-

ogy based on gas-discharge CO; laser amplifiers, highlighting the ATF laser system as a

leading example.

Section 2.1 provides a brief history of high-peak-power LWIR lasers. The state-of-
the-art is exemplified by the BNL system, which utilizes chirped pulse amplification
(CPA) [4] and a multi-isotope, high-pressure CO, gas laser medium operating at
A =9.2 um [2]. The combination of these innovations, unprecedented for CO, lasers,
marks a significant milestone in advancing LWIR laser technology, addressing the
stringent demands of modern ultra-high-peak-power systems.

Section 2.2 outlines ongoing research and development efforts aimed at advancing
ultra-intense LWIR lasers into the sub-picosecond time domain—potentially down to
a few optical cycles—and achieving ~100 TW peak intensity in a single beam.
Section 2.3 addresses the potential for developing high-repetition-rate, terawatt-class
LWIR lasers with kilowatt-level average power and briefly discusses the possibilities
for compact, mobile, short-pulse, optically pumped CO, lasers.

Section 3 focuses on examining the benefits of wavelength scaling in physical processes

critical to laser plasma acceleration of electrons and ions.

Section 3.1 compiles topics on wavelength scaling in fundamental laser-matter interac-
tion processes, including ionization, laser propagation in plasma up to critical plasma
density and the relativistic self-focusing regime, ponderomotive electron motion, and
generation of plasma waves.

Section 3.2 delves into laser wakefield electron acceleration (LWFA), focusing on how
long-wavelength lasers facilitate the formation of large-scale plasma bubbles in low-
density plasmas. The unique capabilities of the ATF—integrating the LWIR laser with
NIR lasers and an RF electron linear accelerator (linac)—support trailblazing research
aimed at addressing key challenges in exploring and improving the performance of
laser—plasma accelerators. These efforts have far-reaching implications, including the
ambitious goal of developing a TeV-class electron—positron (e~ e™) collider, a transfor-
mative breakthrough with the potential to redefine the frontiers of particle physics.
Section 3.3 explores laser-driven ion acceleration, highlighting how the & A2 reduc-
tion in critical plasma density enables novel mono-energetic acceleration regimes.
These include laser hole-boring through plasma and collisionless electrostatic shock
wave acceleration.

Section 4 explores the potential of LWIR lasers to drive secondary radiation sources

ranging from RF waves to gamma rays.

Section 4.1 highlights LWIR lasers’ capability in generating intense THz radiation and
extending High Harmonic Generation (HHG) into the X-ray region.

Section 4.2 starts with reviewing pioneering ATF experiments in inverse Compton
scattering (ICS) focused on investigating nonlinear ICS processes and single-shot,
phase-contrast tomography. The A-proportional increase in the number of photons
per joule of laser energy positions LWIR lasers as promising tools for these and future
advanced applications where we examine the ability of LWIR beams to create intense
X-ray and gamma sources via ICS. Such sources can complement synchrotron light
sources or serve as particle-to-radiation converters in gamma colliders.

Section 5 reviews the capability of LWIR lasers to confine terawatt power into a

single filament, allowing the laser beam propagation over long distances through the

atmosphere. This unique feature also establishes LWIR lasers as powerful tools for remote

diagnostic applications.
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e  Section 5.1 addresses the terawatt LWIR radiation channeling through air and its
observation in ATF experiments.

e  Section 5.2 describes secondary effects and applications that emerge from LWIR fila-
ments, including remote detection of ionizing sources and RF waves generation.

In Conclusions, we summarize the main points of this review and briefly address our
experience in using LWIR lasers in broader studies not covered by this paper.

2. Short-Pulse LWIR Lasers with CO, Amplifiers

Steady progress in ultrafast solid-state laser technology and frequency conver-
sion techniques—such as optical parametric chirped-pulse amplification (OPCPA) and
difference-frequency generation (DFG)—has made it possible to achieve multi-gigawatt
peak powers in the LWIR range, with pulse energies on the order of tens of microjoules [5].
Theoretically, it is predicted that terawatt peak powers in sub-cycle pulses can be at-
tained [6]. However, reaching pulse energies at the joule scale is currently only feasible
through amplification in high-pressure CO, laser amplifiers [2,7]. Therefore, this section
focuses on the research and development of this class of LWIR laser systems.

2.1. History and State-Of-The-Art

Unlike NIR solid-state lasers, which generate radiation through stimulated transitions
between electronic energy levels, LWIR gas lasers operate via transitions between closely
spaced energy levels associated with molecular vibrations. CO, gas lasers are a prime
example of this class, notable for their high efficiency in converting pump energy into
laser radiation.

High-pulse-energy CO; lasers, with large active volumes, are typically pumped either
by low-energy electrons from an electric discharge within the active gas medium or directly
by high-energy electron beams originating outside the active volume [8]. These pumping
techniques enable the production of laser pulses with energies reaching several kilojoules.

One prominent example is the Antares CO, laser, constructed at Los Alamos National
Laboratory in the 1980s for a nuclear fusion project. At the time, it was the most powerful
laser in the world, producing multiple beams with a combined total energy of 100 k] at a
wavelength of 10.2 um. This output was achieved using 24 laser amplifiers, each with an
active volume of approximately 300 L [9].

The Antares system demonstrated the immense potential of CO, lasers for high-
output energy scaling. However, due to the discrete gain spectrum shaped by the rotational
structure and other physical and technical constraints, mode-locking techniques that enable
the generation of picosecond and femtosecond pulses in solid-state lasers [10] are less
effective for molecular gas lasers. Consequently, the pulse duration of the Antares laser
was limited to 2.5 ns, resulting in a peak power of 1.5 TW per beam.

Later technological advancements introduced an alternative pulse-forming technique
that involved “slicing” a short seed A ~ 10-um pulse using the method of semiconductor
optical switching driven by a mode-locked solid-state NIR laser [11]. This approach allows
us to reduce the CO, laser pulse duration to a few picoseconds. However, the challenge
persisted: the rotational structure imposed on the spectral envelope of the amplified short
pulse caused the picosecond pulse to fragment into a long pulse train [1].

The issue of pulse splitting was resolved by applying two methods: collisional
broadening of CO, molecule rotational lines by increasing the gas pressure [12] and in-
troducing the 80 isotope into the gas mixture [13]. A combination of these measures
resulted in spectral gain smoothing due to the double action of collisional broadening and
small shifts in the overlapping spectra of the components in the stoichiometric mixture
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C10,:2(C'*080):C!80,. This approach, implemented in the laser amplifier system at the
ATF, effectively eliminated pulse trains, delivering a single picosecond pulse [14].

However, the achievable peak power was constrained by self-phase modulation
at the output window of the final amplifier [15]. To overcome this limitation, the CPA
technique [4] has been implemented, marking its first application to molecular gas lasers.
This innovation enabled the generation of single 2 ps pulses with a peak power of 5 TW
at A =9.2 um [16,17], using a relatively compact final amplifier with a 10 L gas discharge
volume. This achievement stands as the highest power ever attained by an LWIR laser in a
solitary-pulse format.

This state-of-the-art LWIR laser system, shown in Figure 1, operates at the ATF to
support multidisciplinary user experiments. It features an all-solid-state optical parametric
amplifier (OPA) front end, which provides the seed pulse to the CO; laser amplifiers.
Notably, the semiconductor optical switching technique is still employed, but in this
instance, it is used exclusively for extracting an amplified LWIR pulse from the regenerative
pre-amplifier cavity.

<14 ), 2 ps
lls TW"
@9.2um

10 ?clsolgotcwoz ’ If =
2" F
stretcher

Figure 1. Diagram of the ATF LWIR laser [17]. The system features an all-solid-state optical parametric
oscillator amplifier (OPA) front end, high-pressure isotopic CO, laser amplifiers operated at a CPA
regime, which is enabled by a stretcher-compressor combination based on diffraction gratings. A
detailed description of this system can be found in Ref. [16].

2.2. Paths to Femtoseconds

The ~1 THz bandwidth of the strongest branch of the CO, radiation spectrum, 9R,
centered at 9.2 um, is equal to that of a transform-limited 500 fs pulse. However, the mini-
mum achievable pulse duration of an amplified pulse is presently restricted to 2 ps due to
gain narrowing. This effect arises from the extremely high amplification (~10'!) required to
increase the pulse energy from microjoules to the multi-joule level (~10” net amplification),
while compensating for optical losses in the system (~10%). These losses occur primarily
during the pulse injection, extraction, and 16 round-trips within the regenerative CO,
preamplifier. These high amplification levels make the system highly sensitive to even
small variations in the gain spectrum profile, effectively filtering out a relatively narrow
~220 GHz region corresponding to a 2 ps transform-limited pulse.
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A significant reduction in gain narrowing can be achieved by employing a seed pulse
with sufficiently high energy, thereby eliminating the need for a regenerative pre-amplifier.
The first two columns in Figure 2 present numerical modeling of amplification under
two scenarios: the current setup, where a 1 uJ, 1 ps seed pulse is amplified using a regener-
ative pre-amplifier and final amplifier combination; and a preferred configuration, where a
10 m], 300 fs pulse is directly seeded into the main amplifier of the ATF laser system [17]. In
both cases, the seed pulse is initially stretched to approximately 100 ps before amplification
and subsequently compressed to its transform-limited duration after amplification. By
mitigating gain narrowing and utilizing the combined spectral bandwidths of the 9R and 9P
branches for the 10 mJ, 300 fs seed pulse, the output pulse duration can be recompressed to
approximately 500 fs. This approach significantly enhances system performance, effectively
increasing peak power nearly fourfold compared to the current configuration.

Wavelength (um) Wavelength (um) Wavelength (um)
10.5 10 95 9.0 8.5 10.5 10 95 9.0 8.5 10.5 10 95 9.0 8.5
% AR 9Py a i 1R 9P a O AR o a
— -— 1.6 THz — -— 1.6 THz — -— 16 THz
Present configuration b Upgrade #1: b' Upgrade #2: b"
amplification: 10" ten-millijoule seed post-compresson
. 3
92um — = 220 GHz Srgnlmcauon: 10" _ <~ 13THz
.3 um
T T T T T T T T T
28 30 32 34 36 28 30 32 34 36 28 30 32 34 36
Frequency (THz) Frequency (THz) Frequency (THz)
64 c 204 c! 404 c"
g 44 15 304
104 —»| |=—470fs 204 —||=—100fs
§ 2+ 2ps
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-3 -2 -1 0 1 2 3 4 -3 -2 -1 0 1 2 3 4 -3 -2 -1 0 1 2 3 4
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Figure 2. Simulations of short LWIR pulse amplification in the ATF laser system: (a) the normalized
gain spectrum of the final amplifier; (b) the normalized spectrum of the pulse amplified from a 1 yJ,
1 ps seed using the combination of a regenerative pre-amplifier and the final amplifier; (c) the temporal
profile at the system’s output for a 1 1, 1 ps seed; (b’) the normalized spectrum of the amplified
pulse starting from a 10 mJ, 300 fs pulse seeded into the final amplifier; (¢’) the temporal profile at the
system’s output for a 10-m]J, 300-fs seed; (b”’) the normalized spectrum of the post-compressed pulse;
and (c’”) the temporal profile of the post-compressed pulse [18].

Reducing the LWIR laser pulse duration to 500 fs or shorter, while increasing the
peak power beyond 10 TW, is essential for accessing strongly relativistic regimes of laser-
matter interaction [19]. Several schemes for generating energetic LWIR seed pulses are
currently under investigation. One approach involves Raman scattering in a calcite crystal,
followed by difference-frequency generation between the Raman-shifted and fundamental
frequencies [10,20]. Another promising method is a multi-stage optical parametric chirped
pulse amplification (OPCPA), pumped by a mid-wave IR (~2—4 pm) laser [7,21].

A complementary approach to CO; laser-pulse compression to femtoseconds beyond
the bandwidth limit of the active medium involves using self-phase modulation (SPM) in a
medium to broaden the pulse’s spectrum and chirp its carrier frequency.

The first observation of millijoule, picosecond pulse compression to ~600 fs was
reported by Paul Corkum in a high-pressure CO; laser amplifier [22]. This effect was at-
tributed to spectral broadening of the pulse via an SPM process in the amplifier’s discharge
plasma, followed by compression due to negative group velocity dispersion (GVD) in
the amplifier’s NaCl windows. However, while this method is suitable for direct short
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pulse amplification, it is likely incompatible with the CPA technique, which is essential for
amplifying CO, laser pulses to the joule level and beyond.

Post-compression methods, widely employed with CPA NIR lasers, utilize SPM in-
duced by the Kerr effect in an optical material or a gas-filled capillary [23-25]. Placed in
the laser output beam path, this nonlinear optical component functions as a bandwidth
expander, introducing a quasi-linear frequency modulation across the pulse’s temporal
envelope. The resulting positive frequency chirping enables further pulse compression
using a diffraction grating, a chirping mirror, or an optical material with negative GVD.

Sub-picosecond post-compression has been experimentally explored in the mid-
wave IR at A = 3.1 pm [26] and A = 3.9 um [27], as well as theoretically in the LWIR at
A ~ 10 um [28-30]. Numerical simulations have suggested the possibility of compressing
2.5 ps, 500 GW CO;, laser pulses down to 250 fs by leveraging the nonlinear and dispersive
properties of bulk NaCl crystals [28].

This proposed regime was experimentally tested at the ATF, where pulse spikes as
short as 130 fs were observed after propagating a ~1 TW, 2 ps, A = 9.2 um CO, laser beam
through a 10 cm thick NaCl slab. The experimental results validated the simulation model,
which accurately predicted these temporal structures [31]. However, a significant limitation
was also identified: the reliance on simultaneous SPM and dispersive compression (DC)
within the same optical element restricted the potential for process optimization. Addition-
ally, micro-filamentation observed within the NaCl slab disrupted beam uniformity.

This limitation prompted the exploration of alternative materials to improve pulse
compression by partially separating the post-compression process into two consecutive
stages: SPM and DC. Extensive material studies—including measurements of nonlinear re-
fraction index (112), nonlinear absorption, damage thresholds, and other material responses
to high-power irradiation—Iled to the identification of potassium chloride (KCl) and barium
fluoride (BaF,) as a promising material combination for post-compression [32].

By implementing this approach, combined with optical filtering between the SPM and
DC stages, the compression of 330 mJ pulses from 2 ps to 350 fs was demonstrated in a
small-scale proof-of-principle experiment (see Figure 3) [33].

Figure 3. Single-shot autocorrelator images illustrate the 9.2 um pulse compression from 2 ps to 350 fs
in a proof-of-principle ATF experiment [33].

In a follow-up experiment, a 675 fs pulse with a 1.6 TW peak power was achieved,
marking it the most powerful femtosecond LWIR laser demonstrated to date [34]. Current
efforts are focused on achieving a 5 TW output with a 560 fs pulse by fully utilizing the
output capacity of the existing ATF LWIR laser system.

The ultimate goal is to combine the two techniques discussed—a strong seed pulse and
post-compression—to produce a few-cycle laser pulse with peak power in the hundreds
of terawatts. Numerical modeling for this setup is shown in Figure 2b”,c”. These results
correspond to the post-compression of the pulse with parameters shown in Figure 2b’,c’.
Notably, the 100 fs pulse spans only three cycles of laser oscillation, highlighting its signifi-
cant potential for applications such as the generation of sub-cycle THz radiation and HHG
sources (see Section 4.1).

Accurate pulse characterization techniques play a crucial role in advancing the devel-
opment of shorter and more powerful pulses. However, commercially available diagnostics
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for the LWIR range lag behind those available for the near-IR range. This gap primarily
stems from lower current demand, expected to increase as LWIR lasers mature, rather
than from fundamental technological limitations. Consequently, in-house-built diagnostics
like SHG-based autocorrelators and grating spectrometers are frequently deployed on an
as-needed basis.

2.3. High Repetition Rate Prospects

Presently, the ATF laser’s repetition rate is restricted to a few shots per minute. This
limitation is primarily due to the high-pressure air spark gaps used as high-voltage switches
in the multi-stage Marx generator, which delivers several kilojoules of electrical energy in
pulses of up to 800 kV to sustain the electrical discharge in the final amplifier.

Many laser applications would benefit from significantly higher repetition rates. While
no direct prototype for a high-repetition-rate, high-voltage driver compatible with the
electric-discharge pump parameters of the ATF’s laser amplifier currently exists, a potential
solution could involve replacing the air spark gaps with thyristors, which can operate at
frequencies of up to 350 Hz [19].

Meanwhile, smaller-scale, high-pressure CO; lasers with repetition rates in the hun-
dreds of hertz are commercially available [35]. These lasers utilize pulse-forming networks
driven by thyratrons, which provide reliable, long-lifespan performance. However, the
lower voltage output of thyratron-based pulse generators limits these lasers to smaller
active volumes, rendering them unsuitable for achieving multi-terawatt peak power in a
single beam. Nonetheless, they are well-suited for applications requiring lower peak power
but high average power.

Moreover, operating a laser in pulse-burst mode, where the laser produces a train of
pulses from a single electric discharge, effectively multiplies the cumulative repetition rate.
This pulse format has been proposed for driving high-brightness ICS radiation sources,
achieved by counter-propagating a CO; laser beam and an electron beam circulating in a
high-repetition storage ring or in energy recovery linac [36].

Operating at a discharge repetition rate of 100 Hz and delivering trains of 100 pulses
per shot, the proposed laser system is expected to provide 3 kW of average power at a
cumulative repetition rate of 10 kHz. Such a laser could enable the conversion of relatively
compact, modern electron accelerators into radiation sources that rival or surpass the
capabilities of third-generation synchrotron light sources in the hard X-ray region (above
50 keV) [36]. For further discussion of this approach, see Section 4.2.2.

Other advanced concepts for compact, high-repetition-rate, short-pulse CO, laser
systems explore optical pumping as a promising alternative to electric discharge pump-
ing. One significant advantage of optical pumping is that it eliminates the constraints
on selecting specific gas compositions and pressure levels needed for a uniform electric
discharge—limitations that otherwise impair the performance of conventional electric-
discharge gas lasers. In contrast, an optically pumped amplifier cell can be filled with pure
CO, gas at extremely high pressure. Additionally, it offers a compact design due to its high
pump-to-lasing conversion efficiency and high gain coefficient.

Several schemes compatible with high-repetition-rate operation have been explored for
optical pumping of CO, molecules, some of which were successfully demonstrated decades
ago using chemical gas lasers [37,38]. These early experiments showed the feasibility of
exciting a CO; active medium at very high pressures, the flexibility in selecting the gas
mixture, significant quantum efficiencies, and the ability to maintain very high gains, up to
10%/cm. The most efficient scheme involved direct pumping of the upper CO; laser level
at the 4.3 pm wavelength using the HF chemical laser [38].
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More recently, several scenarios for optical pumping of CO, molecules using solid-state
lasers have been proposed. Among the most promising developments is the introduction
of an Fe:ZnSe laser, tunable in the 3.9-5 pm range. The best results achieved so far with this
laser at 4.3 pm are approximately 50 m] in 200 ns pulses at a repetition rate of 3 Hz, with
the potential to deliver several joules from cryogenically cooled Fe:ZnSe crystals [39]. The
next step would involve creating a 10 Hz Fe:ZnSe laser capable of delivering 4 J in 100 ns
pulses. Scaling such a laser to a 1 kHz repetition rate is considered feasible. Simulations
suggest that this pump would be sufficient to energize very compact 15 atm CO, amplifiers,
delivering 0.5 J, 0.5 ps pulses in the LWIR [40].

3. Plasma Accelerators
3.1. Wavelength Scaling in Laser—Plasma Interactions

To facilitate further discussion on the applications of LWIR lasers in plasma accelera-
tors, we will first address the basic effects related to laser beam propagation in plasma and
their dependence on the laser wavelength.

3.1.1. Ionization

Direct atomic ionization is typically inaccessible with LWIR and even NIR photon
energy. However, at high laser intensities, indirect ionization processes become significant,
including multiphoton ionization and tunneling (or barrier suppression) ionization. The
borderline between these two regimes is characterized in terms of the well-known Keldysh

— €i
,)/K - zup ’

where ¢; is the ionization potential energy and U, is the energy acquired by electron
oscillating in the EM field:

parameter [41]:

e?E?
P 4mpw?
with e being the electron charge, E the electric field amplitude, m, the electron mass,
c the speed of light in a vacuum, and w the laser frequency related to the wavelength by
w = 27mwc/A.

The condition yg >>1 corresponds to the situation when the ionization potential sig-
nificantly exceeds the energy gained by an electron within the laser field. In this regime,
ionization occurs through a multiphoton absorption process, where electrons absorb suc-
cessive photons, accumulating energy until they surpasses the binding potential, leading
to ionization. This process typically dominates in high-frequency fields with relatively
“weak” amplitudes.

The condition v < 1 is satisfied when the electric field becomes strong enough to
suppress the Coulomb barrier, significantly increasing the probability of electron tunnel-
ing. As the field amplitude increases, the tunneling time decreases, eventually allowing
tunneling to occur within a single laser period—a process known as barrier suppression
ionization. Notably, at a fixed field amplitude, increasing the laser wavelength by a factor
of ten results in a hundredfold increase in the energy acquired by the oscillating electron.
Consequently, long-wavelength radiation is inherently more effective at overcoming this
potential barrier. For instance, in the case of CO; laser radiation ionizing H; gas, the
condition g = 1 is satisfied at the laser peak intensity [ ~ 1 TW/ cm?, with full ionization
occurring at approximately I ~ 100 TW /cm?.

At relatively high gas densities—conditions of particular interest for laser-plasma
accelerators—avalanche ionization via electron collisions may become one of the primary
mechanisms for achieving a fully ionized plasma, starting from initial field ionization or
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a small number of seed electrons. A free electron oscillating in the laser field gains an
average energy of U,. However, it can reach the ionization energy ¢; by incrementally
accumulating kinetic energy in steps of U, /2 during collisions with neutral molecules.
Once again, because U, ~ w2, avalanche ionization proceeds more rapidly in a slowly
oscillating field. The time to the full ionization, T, scales as Tj,, ~ €;w?/I [42]. For
instance, with a CO; laser at an intensity of 100 TW/cm?, it takes only about 100 fs to reach
the critical plasma density of 10! cm~3 in 1 atm Hj gas.

3.1.2. Critical Plasma Density

An EM field with the frequency w propagating through plasma with the electron
density n, must satisfy the dispersion relation,

w a)%,

where k = 271/ A is the wavenumber, w, = /1.2 /m.e is the electron plasma frequency,
m, and e are the electron mass and charge, 7, is the electron plasma density, and ¢ is the
vacuum permittivity.
Rearranging the expression for wp under the condition w = wp, we derive the critical
electron plasma density:
Ner = mesow2/62 = w?/47c%r,,

where 7, is the classical electron radius. Beyond this critical density, the EM wave cannot
propagate. Physically, this condition means that when w < w), the plasma electrons
respond quickly enough, and their density is high enough to generate local compensating
fields that cancel the EM field, preventing its further propagation.

Later, we will examine how the proportional reduction in n., by w? for LWIR beams
impacts laser-driven electron and ion acceleration in plasma.

3.1.3. Laser Self-Focusing and Channeling

When propagating through a uniform plasma, a high-peak-power laser beam causes
plasma electrons to oscillate with relativistic velocity. The onset of the relativistic oscillatory
motion is expressed by the condition eE = mcw. By using the expression, E = /21 /¢gc
and the corresponding engineering formula E[TV/m] ~2.75 x y/I[TW/cm?|, we
conclude that, for A = 10 um, the onset of relativistic electron motion occurs at
[ =14 x 10 W/cm?, compared to I = 1.4 x 10"® W/cm? at A = 1 pm.

Relativistic motion increases the effective mass of electrons, making them “heavier”

72
by a factor called cycle-averaged Lorentz parameter (7y) = 4| <1 + ];0> , where j =1 for

linear polarization and j = 2 for circular polarization. Here, 4y is the dimensionless laser
vector-potential

ag = eE/mecw ~ 0.3E[TV/m]A[um] ~ 0.855+/I13A[um],

where I;g represents the laser intensity measured in 1018 W/cm?.
The relativistic increase in electron mass reduces the plasma frequency w; and in-

, .. w? . . L.
creases the plasma’s refractive index y = fu—k = ( — & |- The resulting radial variations

in the local plasma refractive index caused in plasma by a gaussian beam act as an ef-
fective positive lens, counteracting the natural diffraction divergence of the laser beam
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when laser peak power reaches the relativistic self-focusing (RSF) threshold, given by
2
Prsp ~ 17(%}7) [GW] [43].

We see that at a fixed plasma density, LWIR lasers require much less power to reach the
RSF threshold compared to NIR lasers. For instance, at 71, = 1017 cm 3, the RSF condition is
satisfied with a ~28 TW CO; laser, in contrast to the ~3.8 PW required for a TiS laser.
Other contributions to the lensing effect via plasma density redistribution include ther-
mal and ponderomotive effects, which arise from the expulsion of electrons from regions of
high laser intensity. Thermal effects occur as the intense laser heats the plasma, creating
density gradients due to thermal expansion. On the other hand, the ponderomotive force,
B
‘or  Amew?

VEZ,

which will be addressed below in more detail, arises from the spatial variation in laser
intensity VE?, driving electrons out of high-intensity regions. Tons subsequently follow the
electrons but at a slower pace.

Since thermal and ponderomotive plasma density modulation occur on a slower
timescale compared to RSF, these effects become more pronounced for relatively long laser
pulses. They are also crucial for creating preformed plasma channels using pilot lasers,
which can then guide the main laser beam more effectively.

Regardless of how the plasma channel is formed, whether by another laser oz, al-
ternatively, by an electric discharge in a gas-filled or ablative capillary, the waveguiding
condition

N\ 1
An, > (nrewo)

where wy is the radius of the laser focus, arises from the compensation of laser beam
diffraction divergence through total internal reflection, caused by a radially variable plasma
refractive index [44]. Substituting constants, this simplifies to

Ane[em ™3] > 1.13 x 10%° /w3 [um].

This laser guiding condition in a preformed plasma channel is not sensitive to the
laser wavelength. Therefore, plasma channel techniques developed and optimized for
NIR beams [44—47] can also be effectively applied to guiding LWIR beams, as has been
demonstrated in the ATF experiment [48].

3.1.4. Laser Energy Loss on Propagation

As a laser pulse propagates through plasma, it loses energy via several absorption
mechanisms, which depend both on the laser intensity and plasma density. When a laser
pulse interacts with plasma at an over-critical density (1, > ne or w < wp), energy
coupling into the plasma typically occurs over the spatial scale of the skin depth, ¢/ w,.
This depth defines the distance over which the electric field amplitude decreases by a factor
of 1/e. Beyond this skin depth, the external electric field is effectively screened. Within this
thin layer, copious hot electrons are generated, with average thermal energy approximately
equal to the ponderomotive potential, kgT, ~ U, where T, is the electron temperature
and kp is the Boltzmann constant. The efficiency of laser energy transfer to hot electrons
increases with laser intensity, reaching 60-90% for relativistic laser beams (ag > 1). In the
context of this paper, these conditions are particularly relevant to ion acceleration, as hot
electrons propagating beyond the skin layer produce electrostatic potential that draws
positive ions forward.

In sub-critical plasma (7, < n.), inverse bremsstrahlung—where EM energy is trans-
ferred to free electrons—may become a predominant absorption mechanism [49]. Similarly
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to the avalanche ionization process, electrons heated by the laser transfer their energy to
neutral or ionized atoms through collisions, continuously depleting the laser beam’s energy.
This process determines the laser depletion distance

w? ¢
LD = 727/
wp Vei
where v,; = n;v0 is the electron—ion collision frequency, n; is the ion density, v is the

electron velocity, and ¢ is the cross-section for momentum transfer collisions [50]. For
typical hydrogen plasma conditions, vo &~ 1.6 x 1077 ecm3 s~ [51,52].

It follows that L scales with n, 1 and for a wavelength of A =10 pm, it increases from
2 cmat 1088 em—3 to 2 m at n, = 101® ecm—3.

3.2. Electron Acceleration in Plasma Waves

When propagating in a sub-critical plasma, a laser pulse excites a plasma wave through
the following mechanism: The electron excursion over a single cycle of its oscillation in
the laser’s EM field depends on the field amplitude and frequency. The spatially varying
laser intensity profile causes an inequality in these excursions. For electrons near the peak
of the intensity profile, the restoring force in the second half of the laser cycle is reduced,
leading to a time-averaged net force, known as the ponderomotive force. This net force
pushes electrons collectively away from regions of higher intensity [53,54].

As electrons are displaced by the ponderomotive force, the remaining positive ions
exert a Coulomb restoring force. This interaction induces collective electron oscillations at
the plasma’s eigenfrequency, w,. The resulting plasma wake co-propagates with the local
group velocity of the laser pulse.

3.2.1. Regimes of Laser-Driven Plasma Acceleration

The separation of electrons and ions in the plasma wake generates co-propagating
longitudinal and radial electrostatic fields. Charged particles riding the proper phase of the
wake can be accelerated to relativistic energies. This process is known as laser wakefield
acceleration (LWFA) [53,55].

For low laser intensities (a9 << 1), the wake fields are sinusoidal, and the amplitude
of the accelerating electric field, E,, is proportional to the square root of both the laser
intensity and the plasma density [53]:

Eq[V/ecm] = agy/n.[cm—3] ~ 0.855A[um] 4/ [1g1,[cm—3].

In this regime, plasma electrons do not gain sufficient momentum to become trapped
in the plasma wave, so electrons must be longitudinally injected with an initial energy
compatible with the plasma wave velocity.

It is instructive to compare E, with E[V/cm] ~ 8.67 x 10'°\/Tjg, obtaining the effi-
ciency of converting the transverse EM oscillating field into the longitudinal electrostatic
accelerating field in a plasma wake:

Ei/E = 10~ A [um]y/ne[em—3].

We see that, at a fixed plasma density, a LWIR laser is an order of magnitude more
efficient in driving a plasma wake compared to the NIR laser of the same intensity.

At high intensities (a9 > 1), the relativistic increase in electron mass by the factor of
(7) slows the electron down at the peak of its oscillation in the EM field. This leads to
the development of a sawtooth profile in the wake field, which ultimately breaks when
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the wave-breaking limit Ef;’h = mecwp /e is reached [53,54,56]. For example, for a plasma
density 7, = 10'® cm =3, we find w, = 5.6 x 10'2 57! and E¥* = 10 GV/m. At the top of
the breaking wave, some plasma electrons gain significant longitudinal momentum due
to a local field turbulence. They can be self-injected and trapped in a plasma wake for
continuous acceleration.

Plasma wakes are most efficiently generated when the characteristic timescale of
collective plasma electron motion—displaced by the leading edge of the laser pulse and
returning at its trailing edge—matches the wakefield period. This condition is met when
the laser pulse duration satisfies Tw, ~ 1 [57].

For long pulses out of resonance (tw) > 1), the initially small-amplitude plasma oscil-
lations may cause periodic modulation of the laser pulse intensity due to two mechanisms:
(i) focusing (defocusing) in regions of lower (higher) plasma density; (ii) beating between
the driving pulse and the forward Raman-scattered waves at frequencies w + wp. The
modulated pulse envelope resonates with the plasma wave, increasing its amplitude, which
in turn enhances the laser envelope modulation in the so-called self-modulated regime
(SM-LWEFA) [58].

The most effective highly nonlinear LWFA regime, known as the “bubble” regime, is
achieved with a short laser pulse (tw, < 1) of a power above the wave-breaking threshold.
For this regime, the laser pulse focused into the plasma must also satisfy the following
conditions for its focal size, wy, duration, 7, and peak power, P; [59]:

wo 2
Wowp A €/a0, T =, and P > Pyypple = Prsp(wT)”.

In this regime, an evacuated cavity free of cold plasma electrons is formed. Electrostatic field
distribution inside this cavity is capable of trapping, focusing, and accelerating compact and
dense electron bunches self-injected at the rear of the bubble. The energy spectrum of the
accelerated electrons is strongly peaked, in contrast to the quasi-thermal spectra typically
produced by SM-LWFA. However, auxiliary methods for precision electron injection still
offer certain advantages, which will be discussed in detail later.

A fundamental limit to the distance over which particles can be accelerated arises
from the fact that the plasma wave travels at the group velocity of the laser pulse,

2
vg=cC (1 — ZZ), which is less than the speed of light in a vacuum, ¢, while the ac-

celerated particles can reach speeds closer to c. As a result, particles slip forward from
the region of acceleration to a region of deceleration after propagating a certain distance,
known as the dephasing length, Lph ~ /\f; /A2, where Ap = 271c/wy. For A =10 pum and
ne = 10'® cm~3, the dephasing length Ly, is approximately 40 cm.

Another limitation may arise from the depletion of the driving laser through en-
ergy transfer to the plasma wave, which is given by the energy depletion length
L =ct(E/ E,l)2 [60]. Under the bubble LWFA conditions, this mechanism dominates
over the bremsstrahlung losses estimated previously. When the pulse duration matches the
plasma oscillation period, T ~ A, /c, the depletion length L), becomes comparable to the
dephasing length L.

3.2.2. SM-LWFA Driven by LWIR Laser

It is instructive to examine the scaling of key normalized input parameters used in

plasma accelerator simulations: time ¢t = wyt, length x = %x, density n, = ¢ ﬁng,

Ner
VI

and EM field ag o ;. The results of LWFA simulations conducted in these terms will
be independent of the laser wavelength for properly scaled laser and plasma parameters.
Consequently, a 10 um laser can sustain LWFA regimes that are qualitatively identical to
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those of a 1 um laser but achieve this with 100 times less peak power and operating at
100 times lower plasma density. As we will see, this scaling offers substantial advantages
for certain applications.

The 5 TW LWIR (9.2 um) laser available at the ATF, exceeds the Prsr threshold
at plasma densities as low as 5 x 10'® cm~3, enabling LWFA experiments that would
otherwise require a 170 TW 1 um laser [61]. Although these opportunities were predicted
theoretically [62,63], their experimental realization has only been reported recently [64].

The ATF plasma acceleration experiment generated MeV electrons using laser pulses
at peak powers both above and below the RSF threshold [64]. These findings demonstrated
that self-focusing was no longer essential for exciting plasma wakes or for capturing and

0 ecm~3 and the laser

accelerating plasma electrons. At plasma densities n, < 4 x 1
peak powers as low as 0.5 TW, collimated quasi-monoenergetic electrons were observed
alongside the typically divergent, thermal electrons generated by SM-LWFA. This indicates
that researchers had entered a transitional LWFA regime, intermediate between SM-LWFA
and bubble [59], also referred to as the “forced” [65] regime.

Notably, this transitional regime was observed at plasma densities approximately
100 times lower than those typically achieved in earlier experiments using A ~ 1 pm
lasers [65] or in more recent studies with A = 3.9 pum lasers [66]. This breakthrough marks a
critical step toward realizing the LWFA bubble regime at unprecedently large spatial scales
in plasma densities of 1, ~ 10'® cm3. Such regime holds significant promises for the
precise injection of low-energy-spread, low-emittance electron bunches from conventional
linacs into the LWFA stages, with strong potential for maintaining high beam quality
throughout the acceleration process. ATF, with its 75 MeV photocathode linac synchronized
to the LWIR laser, is well positioned for advancing these studies.

Additionally, ATF plasma acceleration experiments have provided new insights into
the characteristics of generated wake fields by utilizing short electron bunches from the
ATF’s linac, directed perpendicular to the laser beam. These bunches create “frozen”
radiographic images of plasma fields on a luminescent screen positioned at a variable
distance from the wake. This technique offers a rare opportunity to visualize wake fields,
which are otherwise understood primarily through simulations.

Figure 4 illustrates this approach, comparing experimental and simulated electron
beam (e-beam) patterns produced by a collimated e-beam traversing a wake generated
by a CO; laser [67]. By recording the e-beam’s focal positions on the screen, this method
enables researchers to map the morphology of radial-focusing fields at each transverse
cross-section of the wake.

X =500 mm

Y [c/wp)

36 38 40 42 44 46 48 50 52

Zom] Z [e)up)
(@ (b)

Figure 4. Experimentally observed (a) and simulated (b) electron beam patterns 50 cm downstream
from a wake field generated in n, = 1015 ¢cm—3 plasma by a 2 TW, 2 ps CO, laser pulse [67].

3.2.3. Low-Density Bubble Regime

Demonstrations of high-energy electron bunches from laser-driven plasma wakefield
accelerators represent one of the most successful applications of NIR CPA lasers. Those
experiments confirmed the bubble regime as the most promising approach for constructing
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compact LWFA stages. Acceleration gradients approaching 1 GeV/cm have been demon-
strated, with net electron energies reaching approximately 10 GeV. This was achieved by
sustaining acceleration over distances of 10-20 cm using ~1-PW NIR laser beams, either
through waveguide-assisted laser channeling [68] or relativistic self-focusing [69]. These
experiments utilized TiS or Nd laser systems, delivering 30-130 J in 35-135 fs pulses at
wavelengths of A = 0.8-1.06 um, focused into hydrogen gas and reaching intensities corre-
sponding to ap ~ 3. These setups generated plasma bubbles approximately 50 pm in size
at electron plasma densities of (3-6) x 107 cm~3. Accelerated electron bunches carried up
to 60 pC in the self-injection regime [68] and as much as 340 pC using nanoparticle-assisted
ionization injection [69].

The results of these experiments are often considered in the context of developing
accelerator stages for a prospective high luminosity e~ e* collider with up to several TeV
center-of-mass (c.m.) energy. Such a collider would open new frontiers in exploring physics
beyond the current reach of the Large Hadron Collider (LHC). According to the recommen-
dations of the 2023 Particle Physics Project Prioritization Panel (P5) [70], its design could be
based on advanced accelerator concepts, including laser-driven plasma accelerators.

The key characteristic of the collider is the beam luminosity, given by

L N
2 7
471(7l

where f is the bunch repetition rate, N, is the number of electrons (positrons) per bunch,
and o is the averaged transverse beam size at the collider interaction point (IP). For
example, satisfying the luminosity £ ~ 10%-10% s~! cm~? targeted for a 10 TeV c.m.
collider requires the production of highly reproducible, high-charge (~0.3 nC) electron
bunches at a repetition rate of ~1 kHz and focused to c; =1 nm [70-72]. This demands a
low normalized emittance of €;,, =~ 0.1 mm.mrad which is defined as

_ (beam size) x (beam divergense)

€y = .
v

Additionally, each beam should have a low energy spread of Ae, < 1% [70-72]. Achiev-
ing these specifications represents an order-of-magnitude improvement over current elec-
tron beam parameters demonstrated in the self-injection bubble LWFA regime.

It has been proposed that the required bunch qualities could be most effectively
achieved through precise external electron injection into the bubble within a quasilin-
ear blowout regime, operating below the wave-breaking and self-injection thresholds.
This regime can be realized by maintaining a relatively low normalized vector poten-
tial (a9 ~ 1-1.5) and a laser peak power slightly exceeding the self-focusing threshold
(P/Prsr = 1.1) [71]. This approach enables greater control over the phasing, acceleration,
and focusing field components, making it particularly well-suited for the acceleration of
both electrons and positrons.

Furthermore, achieving this goal could be facilitated by using low-density plasma.
The improved emittance and energy spread are expected to scale proportionally to )\;1, due
to a better phase-space fit for seeded electrons within the bubble. Furthermore, the number
of trapped electrons and accelerated charges can increase proportionally to A,. This scaling
of beam parameters makes the low-plasma density regime increasingly attractive for future
e~ e™ TeV-class colliders, which, in addition to requiring high beam quality, also demand a
significant bunch charge.

Due to their strong ponderomotive force, LWIR lasers might be efficient in driving
plasma wakes in low-density plasmas, such as 1, ~ 10'® cm~3 [19]. Currently, the shortest
high-power CO, laser pulses achieved exceed the oscillation period (A,/c =~ 1 ps) for
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a plasma wave at 1, = 10'® cm~3, failing to meet the optimum conditions for exiting
the bubble regime. However, this regime is becoming attainable with only a fourfold
improvement over the current pulse duration. This advancement would enable bubble
structures of unprecedented size (~300 um), providing better control of LWFA and enhanced
electron beam quality.

To further explore the comparison between NIR and LWIR laser drivers in LWFA
stages, it is useful to examine plasma accelerator performance in regimes that offer the best
compromise between laser technology capabilities and future collider requirements.

By keeping the normalized LWFA parameters—ay, k;, X wp and wp x T —constant
for any laser wavelength, key scaling lows for LWFA regimes with variable w, and w
emerge [71,72]. This approach enabled us to construct the entries in Table 1 for four
combinations of A and #n, [19]. The first two columns of Table 1 closely correspond to
the case of 7, ~ 10'® cm~3. In the subsequent examples, the plasma density is increased
tenfold, with all laser parameters scaled proportionally to maintain the same quasilinear
blowout LWFA regime.

Table 1. Comparative parameters for plasma bubble accelerators driven with A = 0.8 pum and
A =9.2 um lasers [19].

Parameter Value
Laser wavelength (pum) 0.8 9.2 0.8 9.2
Plasma density (x10'® cm~—3) 1.1 1.1 11 11
Plasma wavelength (um) 313 313 99 99
Laser pulse duration (fs) 390 390 130 130
Laser radius (um) 200 200 63 63
Laser peak power (TW) 3000 23 300 2.3
Laser energy per stage (J) 1200 9 40 0.3
Electrons per bunch (x10%) 12 12 4 4
Accelerating field (GeV/m) 4.3 43 12.6 12.6
Stage length (m) 25 0.19 0.79 0.06
Energy gain per stage (GeV) 100 0.75 10 0.075

In our analysis, we assume that electron dephasing can be mitigated by appropriately
tapering the plasma density within a single accelerating stage.

From the comparison of the four cases presented in Table 1, we can draw the following
observations that underscore trade-offs from employing LWIR versus NIR lasers, as well as
different plasma densities, in these plasma acceleration schemes:

e  Laser Power Requirements: The LWIR laser demonstrates significantly reduced power
requirements compared to its NIR counterpart at equivalent plasma densities, high-
lighting the longer wavelength efficiency in driving plasma waves. Increasing plasma
density leads to reduced power requirements for both lasers.

e  Electron Energy Gain: Higher plasma density leads to a greater acceleration gradi-
ent. However, the net acceleration per stage decreases due to the inverse quadratic
relationship between the laser depletion length and the plasma frequency. The re-
duced energy requirement for LWIR lasers leads to proportionally faster depletion,
resulting in a smaller electron energy gain per stage, necessitating more stages for
high-energy applications.

e  Bunch charge: While the required laser peak power and energy seem more practically
accessible at higher densities, the amount of accelerated charge is reduced.

We shall mention that the selection of N, could be further constrained by the onset of an

effect known as beamstrahlung, which causes radiation losses of particle beam energy when
electron and positron beams interact at the collider’s IP. This “parasitic” gamma radiation
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generates background noise in the detectors surrounding the IP, removes energy from the
particle beam, and increases the beam energy spread. In general, beamstrahlung must be
limited to fewer than one gamma photon per lepton, and the induced Ae, constrained to a
few tens of a percent.

In our case, this requirement translates to limiting the number of particles per bunch
to approximately N, ~ 3 x 10° [73]. However, given the relatively shallow dependence of
both the number of beamstrahlung photons and the induced beam energy spread on the
bunch charge (Ae,«<NZ/3), the extent to which beamstrahlung imposes a strict design limit
on N, remains to be fully determined.

Table 1 shows that at a plasma density of n, = 1.1 X 107 em—3, a TiS laser must
deliver 40 ] of energy per pulse. As derived from the expression for £, maintaining high
luminosity requires a repetition rate of at least 1 kHz and an average TiS laser power of
40 kW to drive a single stage—far exceeding the capabilities of current laser technology.

Reducing the plasma density allows to maintain the same luminosity with a reduced
laser repetition rate following the proportion f « N, 2 « 1,, assuming the parameter o |
remains intact. In this scenario, a 1.2 kJ/pulse Ti:Sapphire laser could, theoretically, sustain
acceleration over 20 m, achieving an energy gain of 100 GeV per stage. In contrast, a 9 Joule
CO;, laser pulse depletes after just 20 cm, resulting in a net acceleration of only 750 MeV per
stage. However, until significant technological challenges associated with construction of
kilojoule-class femtosecond NIR lasers and multi-meter plasma waveguides are resolved,
CO; lasers—requiring 130 times less energy per pulse—might provide a practical platform
for exploring and validating promising high-charge, low-density LWFA regimes.

At the same time, an LWFA test facility operating at low plasma densities will also
have significant value as a learning step toward optimizing leading collider designs based
on NIR lasers interacting with higher density plasmas. One example of such a utility is
identifying requirements and verifying solutions for bunch seeding into the LWFA stages.

A seed electron bunch must meet the size and placement accuracy requirements
aligned with the accelerating and focusing phases of the longitudinal and transverse electric
fields within the plasma bubble. In a bubble generated in the 7, ~ 1016 cm—3 plasma, these
spatial scales are on the order of several tens of micrometers. Even small deviations from
the optimal parameter settings can significantly affect the efficiency of the acceleration
process and the final beam quality. Simulations presented in Figure 5 [74] illustrate this
relationship, showing how the accuracy of seed electron bunch placement affects its energy
spread during acceleration.
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Figure 5. Simulated dynamics of electron bunch energy spread upon acceleration in 7, = 10'® cm=3
plasma with ag = 4 CO; laser pulse of the 500 fs duration. Inner and outer bunches are injected into
the accelerating phase of the bubble 10 pm and 23 um away from the beam axis, correspondingly [74].

Experimental verification of requirements for bunch seeding into acceleration stages
and the preservation of beam quality during acceleration presents key challenges. These
studies critically rely on seed electron bunches of high quality—characterized by low energy
spread, low emittance, and ideally high charge—to enable comprehensive investigations of
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space-charge and beam-loading effects. The ATF, with its high-brightness electron linac, is
uniquely positioned to advance these studies.

The ATF’s linac is capable of delivering sub-nanocoulomb electron bunches synchro-
nized with a laser to sub-picosecond precision, with transverse and longitudinal dimensions
of 0; = 10 um and 0, = 70 um correspondingly. A planned upgrade to the linac’s beam
transport system aims to further reduce the longitudinal bunch size to 30 pm using a
magnetic chicane. These enhanced capabilities are well-suited for conducting high-impact
studies on LWFA seeding, acceleration dynamics, and staging, which are essential for
advancing the technologies required for future collider initiatives [70].

3.2.4. Ultra-Low Emittance LWFA

Low-density plasma is particularly attractive for designing LWFA-based accelerators
capable of achieving ultra-low €, and Ae,—parameters that could match or even surpass
those of conventional RF accelerators.

One approach to achieving ultra-cold electron bunches from a plasma accelerator
is the “two-color” ionization injection method [75,76]. This method has the potential to
produce electron bunches with Ae, and €, parameters even better than those achievable
with high-brightness photocathode linacs.

In this scheme, the roles of plasma bubble generation and electron injection are sepa-
rated between two lasers of different wavelengths. A circularly polarized LWIR laser, such
as a ~10-um CO, laser, with a normalized vector potential a9 ~ 1.2—1.4 corresponding to a
field strength of E ~ 3.8—4.5 TV /m, creates a plasma bubble. Simultaneously, a low-power,
linearly polarized, femtosecond, short-wavelength laser—such as the second harmonic of
a TiS laser at A ~ 400 nm—is tightly focused within the plasma bubble trailing the LWIR
pulse. Despite a much smaller normalized vector potential (ay =~ 0.1), the electric field
produced by this short-wavelength laser is significantly stronger (E ~ 7 TV /m). This field
strength is sufficient to ionize gas components that are otherwise inaccessible to the lower
field strength of an LWIR laser. By selectively ionizing these components, the two-color
approach enables precise electron injection into the plasma bubble, producing electron
bunches with enhanced beam quality.

Simulations indicate that this method can generate electron bunches with sizes on the
order of a few micrometers with €, < 50 nm and Ae, =~ 0.1%, representing an order-of-
magnitude improvement over a single-laser-driven plasma accelerator. These parameters
can be preserved during acceleration, provided the injected electron bunch remains suffi-
ciently small to fit within the confined accelerating and focusing phase space of the plasma
bubble. Although the charge in the produced micron-size bunches is limited to a few
pico-Coulombs—rendering them insufficient for future colliders—these beams are highly
relevant for driving next-generation coherent X-ray sources [77].

The ATF, with its combination of LWIR and NIR lasers, is uniquely positioned to
implement the two-color LWFA ionization injection method following the completion of its
planned LWIR laser upgrade to the sub-picosecond pulse regime, as discussed in Section 2.

3.3. Ion Acceleration

By increasing the electron plasma density, n, to 7., we enter a regime where most of
the laser energy is absorbed within a narrow skin depth, accompanied by intense electron
heating. As hot electrons escape the skin layer, they create a strong charge separation field,
which, in turn, accelerates the remaining plasma ions.

Laser-generated ion beams are regarded as a complement to conventional ion acceler-
ators and radioactive sources, offering high acceleration gradients and efficient conversion
of laser energy into ion beam energy.
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3.3.1. Solid Targets

Significant progress has been made in generating proton beams through the Target
Normal Sheath Acceleration (TNSA) mechanism [78]. This process begins with a high-
intensity laser pulse interacting with the front surface of a solid target, such as a thin metal
or plastic foil, rapidly ionizing the material and transferring energy to the electrons. Hot
electrons are generated at the front surface and ponderomotively accelerated into the bulk
of the target, causing further ionization. These electrons gain sufficient energy to escape
from the rear of the target into the vacuum, leaving the rear surface positively charged.
This charge separation generates an electrostatic sheath field that accelerates ions from the
target’s surface into the vacuum.

The amplitude of the electrostatic sheath field, which can reach values on the order of
MYV /um [79], is described by the formula:

V2Uu

Esheath = E)\D ’

where Ap = ,/Sonke%n o /Uy is the electron Debye length. This length represents the
distance over which electrostatic potentials are attenuated to 1/e of its original value
through collective plasma response. From these relationships, it follows that the sheath
field Egpeqrn o< \/Up. The same proportionality applies to the ion velocity, indicating that
the energy per nucleon &), o< U,. Expressing U, in terms of the dimensionless laser vector

potential ag, U, = ?mecz, we conclude ¢, « ag.

The quadratic dependence of a5 on A implies that a A = 10 um laser can achieve
the same ion energy as a A = 1 pm laser but at a hundred times lower intensity. For
instance, 1 MeV proton energy can be reached at an intensity of 10'® W/cm? with a
A =10 pm laser compared to 1018 W/cm? with a A = 1 pum laser, as demonstrated in the
ATF experiment [80]. Similarly, 200 MeV proton energy may be achievable with intensities
of ~10?2° W/cm? in LWIR versus ~10%2 W/cm? in NIR.

The energy transfer efficiency from the laser to the ion beam can reach several percent.
Consequently, a laser pulse with just a few joules of energy can generate an MeV ion beam
carrying a charge in the tens of nano-Coulomb range.

However, the spectral brightness of these beams is inherently limited by their relatively
large angular divergence (~30°) and their thermal Maxwellian energy spectrum, which
results from the evolution of the sheath field strength during the laser pulse and the nonuni-
formity of its surface profile. This poses challenges for applications requiring high spectral
purity or precise beam collimation, such as cancer radiotherapy. To achieve the stringent
beam quality standards required for these applications, significant spectral filtering and
collimation of TNSA beams are necessary, which inevitably leads to beam losses.

Nevertheless, powerful and ultrafast TNSA ion sources hold great promise for other
applications, such as proton radiography and neutron production. Their high intensity,
low transverse emittance, ultrashort durations—typically on the order of the laser pulse
length—and compact size provide distinct advantages in these fields.

The TNSA mechanism is the most efficient when a linearly polarized laser beam
strikes the target at a ~45° angle [81]. In contrast, radiation pressure applied by a laser
at normal incidence can initiate a different acceleration mechanism known as radiation
pressure acceleration (RPA) [82]. This mechanism requires an extremely intense, high-
contrast, circularly polarized laser pulse and a very thin, lightweight target, typically with
a thickness on the order of the laser wavelength or smaller.

In this scenario, also referred to as the “light sail” regime, the entire target can be

_ I4RIT

set into motion by radiation pressure, P,,; = 5~ ¢, where R is the target’s reflectivity.
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In the non-relativistic limit for a perfect mirror, the final energy per nucleon is given by
£p = ZmPP—IC, where 11, is the proton mass, and p is the target’s mass density [83].

By accelerating the target as a whole, the light sail mechanism has the potential to
produce monoenergetic beams. However, its energy efficiency becomes comparable to
that of TNSA only at very high intensities (~10%> W/cm?), where the foil velocity becomes
relativistic, introducing a significant Doppler shift in the reflected laser light. The expression
for energy per nucleon then takes a form ¢, = mpc2 [%} , where § = p% [84]. Practical
challenges in implementing this mechanism include achieving the required target properties
and precisely controlling the laser intensity and contrast.

3.3.2. Gas Targets

Thanks to the inverse quadratic dependence of the critical plasma density on the radi-
ation wavelength (¢ o A~2), a solid target used for efficient NIR laser energy deposition
can be replaced with an atmospheric density (~10'° cm~3) gas when using an LWIR laser.
At the vacuum-—gas interface, a thin, absorbing super-critical skin layer can be accelerated
by the laser’s radiation pressure, analogous to the behavior of an ultra-thin foil in the light
sail regime.

This interaction leads to a process known as “hole boring” through the plasma [85].
Hole boring occurs when the radiation pressure, P,,; = I/c, surpasses the counteracting
thermal pressure from the plasma, Py, = nekpTe.

Expressing the laser intensity and electron temperature through a9, we obtain for
linear polarization

Prog = ncrmgczﬂ% and Py, = 1’167116(:2 1+ -1

n2 _ 2n,
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An additional restriction is imposed by the condition of relativistic transparency, at

The condition P,,; > Py, yields the solution ag >

ne > (7y)ne. This means that plasma with n. > 1., could be still under-dense for laser

. LR . 2
intensities corresponding to a9 > % -1

These two “conflicting” conditions for ap—being high enough to counteract the ther-
mal pressure but below the relativistic transparency regime—define a relatively narrow
parameter space for hole boring, as represented by the diagram in Figure 6.

In the cold plasma approximation (P,,; > Py;), the critical density layer and the

associated electrostatic potential move with a hole-boring velocity vy, = 4/ (;jTi)CI, while
reflecting plasma ions at twice this velocity (2vy;) and imparting them with energy [85]
S 2(1+R)I
=

For the case where P,;; < Py, the motion of the critical surface is suppressed. However,
localized electron heating generates a high-pressure region that expands into the plasma,
launching an electrostatic shock propagating at a velocity vy, = Mcs, where M is the Mach
number and ¢ = /ZkgT,/m, is the ion sound speed [86]. This is termed as a collisionless
shock because the thickness of the shock front (~5Ap) is much smaller than the collisional
mean free path of the particles forming it. At sufficiently high electron temperatures
(T, =~ 5 keV), the shock velocity vy, can exceed the hole-boring velocity vy, calculated for a
cold plasma.
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Figure 6. Parameter space for radiation pressure hole boring.

Much like hole-boring acceleration, a sharp particle density shock front and its as-
sociated strong electrostatic potential can reflect ions at twice the shock velocity (2v,)
corresponding to the energy
Z(1+ k)1

ts g
sh 21,C

4

where k is an adiabatic coefficient (k = 5/3 for ideal gas) [87]. Such a shock can continue
propagating through the plasma even after the laser pulse has terminated, transferring its
energy primarily to the ion beam.

Notably, all the RPA regimes exhibit a favorable scaling of ion energy with laser
intensity, ¢, ~ I, in contrast to the ¢, ~ /I scaling characteristic of the TNSA mechanism.
This advantageous scaling, coupled with the monoenergetic nature of the ion spectrum,
positions RPA as a promising candidate for generating high-energy ion beams required
for applications demanding precise control over penetration depth and dosage, such as
hadron cancer therapy. Gas jet targets offer additional benefits, including their ability to
serve as sources of pure and exotic ion beams, as well as the capability for rapid target
replenishment, enabling high repetition rates.

3.3.3. Experimental Results and Prospects

Historically, LWIR lasers combined with gas jet targets were the first to demonstrate
both hole boring and shock wave regimes of proton acceleration [88,89]. The most sys-
tematic tests of hole boring in gaseous targets have been conducted at ATF through a
series of collaborative experiments involving BNL, Imperial College London, Stony Brook
University and the Naval Research Laboratory [89-92].

An additional benefit of using LWIR radiation, highlighted in these experiments, is
the ability to optically probe plasma interactions using time-resolved interferometry and
shadowgraphy [93]. Plasma at the critical density for LWIR radiation remains transparent
to visible light, such as the second harmonics of Nd:YAG or TiS lasers. By transversely
scanning the laser—plasma interaction region and monitoring optical phase shifts induced
by density gradients, plasma density distributions can be inferred. Additionally, splitting
the probe beam by polarization and employing independent temporal tuning enabled
dual-time optical probing laser—plasma interactions during a given shot. This capability
enabled researchers to study plasma dynamics at super-critical density with high temporal
and spatial resolution.
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An essential requirement for achieving radiation pressure acceleration regimes is the
formation of a sharp vacuum-plasma interface with a near-critical density front. This can be
performed by using a tailored pre-pulse that arrives several nanoseconds before the main
pulse. Such a pre-pulse is typically produced by amplified leakage from the regenerative
CO; laser amplifier. The pre-pulse generates a blast wave that propagates through the gas
jet, with the compressed front of this blast wave serving as a target for the main laser pulse
to initiate hole boring through the downstream plasma.

The optimal pre-pulse energy, depending on the initial gas pressure, was found to
range between 1 and 5 mJ—approximately 0.1% of the energy in the main pulse. Lower
pre-pulse energy was insufficient to form a sufficiently strong blast wave, while higher
energy could over-penetrate the gas jet (typically produced with a 1 mm cylindrical nozzle),
leaving an empty channel that rendered the main pulse ineffective [91].

Alternatively, an auxiliary Q-switched Nd:YAG laser, focused on the edge of the nozzle,
was employed to achieve the same blast wave effect. This method provided easier control
over the gas density shaping by allowing independent variation in the timing and energy
of the Nd:YAG laser [92]. Additionally, it enabled the exploration of regimes involving the
collision of two blast waves, which facilitated the investigation of super-thin critical-density
targets (see Figure 7).

(@) (b) (c)

Figure 7. Interferometry of colliding blast waves (a,b), its plasma density reconstruction, and (c) its
density profile taken at the 0.6 mm height over the nozzle edge [94].

A remarkable feature distinguishing the RPA regime from TNSA is the ability to
generate monoenergetic ion beams, as has been verified in ATF experiments and illustrated
in Figure 8. These sample spectra were obtained from both a foil and a hydrogen gas jet
under identical LWIR laser irradiation conditions using a magnetic spectrometer with an
entrance pinhole. While the TNSA spectrum exhibits a Maxwellian distribution, the RPA
spectrum is sharply defined and limited only by the instrument’s acceptance, providing an
upper estimate of the proton energy spread at Ae), < 4% [90].

| —— (a)

- (b)

| | |
0.5 1.0 2.0 MeV

Figure 8. Comparison of (a) the TNSA proton spectrum with (b) the RPA proton spectrum obtained
in ATF experiments with solid and gaseous targets, correspondingly.

Interestingly, under certain conditions, the monoenergetic spectral component of the
proton beam exhibited an extremely narrow angular divergence, with a half-opening angle
of <1° (see Figure 9). The underlying cause of this phenomenon remains unclear but is
hypothesized to result from laser filamentation and hosing instability in relativistically
transparent near-critical plasma, leading to narrow yet randomly positioned proton beams.
Special profiling of the plasma distribution upstream of the critical layer, such as laser chan-
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neling, could prove effective in generating ion beams with controlled angular divergence
and energy spread.
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Figure 9. A series of consecutive laser shots reveal a monoenergetic component of the proton beam
(along the horizontal scale) together with its narrow angular distribution and its pointing instability
visible across the vertical dimension of the spectrometer slit [94].

In addition to visualizing the process of hole boring, optical diagnostics have also been
employed for investigations of electron beam instabilities and filamentation phenomena,
providing valuable insights into the underlying physics of these processes [92]. Figure 10
illustrates the results of the electron filamentation studies. In this figure, Figure 10b depicts
simulated hot electron jets emerging from the laser focus at the vacuum—plasma interface.
Figure 10a shows the simulated distribution of cold plasma electrons channeled along the
paths of the hot electron jets, while the experimental shadowgraphy in Figure 10c closely
matches these simulations shown in Figure 10a.

1004

(b)

Figure 10. Simulated electron plasma density distribution (a) induced by electron filamentation
(b) compared with experimentally observed shadowgram (c) [95].

For most laser shots, the energy of the accelerated protons aligns well with the expected
dependence for the hole-boring mechanism. However, some experimental data points
significantly exceed these values, fitting an alternative mechanism of the shock wave
acceleration, as illustrated in Figure 11. We shall anticipate that shock wave acceleration
will become the predominant ion acceleration mechanism as laser intensity increases.

The interaction of the LWIR laser with a critical-density gas target, provides an efficient
method for generating pure, impurity-free ion beams, such as protons from hydrogen gas.
In a similar manner, we can anticipate obtaining deuterons from deuterium, and ion beams
such as *He?* (alpha particles) and *He?* ions from *He and 3He gases, respectively.
The monoenergetic nature of the resulting ion beams offers significant advantages for
applications in nuclear science, such as sharpening the energy distribution in neutron
beams produced via nuclear reactions (p,n), (d,n), and (a,n) on light targets like Be or
lithium, as well as for injection into conventional ion accelerators.
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Figure 11. Fitting of experimental proton spectra to hole boring and collisionless shock wave
models [94]. The inserted panel presents the simulated reflection.

4. Radiation Sources
4.1. From THz to EUV and Beyond

Several distinctive features of LWIR lasers make them highly attractive for driv-
ing secondary radiation sources, spanning a broad spectral range from THz to X-rays
(~10'1-10' Hz). One notable application involves Q-switched CO, gas lasers used to
convert tin (Sn) microparticles into radiating plasma for 13.5 nm extreme ultraviolet (EUV)
lithography [96].

CO,, lasers are preferred in this context due to their availability as high-average-power,
energy-efficient systems capable of delivering sufficiently short, nanosecond-scale pulses.
Notably, LWIR CO, laser energy can be efficiently deposited into low-density tin plasma,
minimizing EUV reabsorption.

This approach builds on early demonstrations at ATF, which confirmed the effective-
ness of nanosecond pulses as an energy-efficient alternative to picosecond LWIR lasers for
this application [97].

The advantages of LWIR lasers for enabling secondary radiation sources extend far
beyond the EUV lithography. This broader potential was underscored in a 2023 Report
on the Basic Research Needs Workshop on Laser Technology [98], saying: “Frequency
conversion to either lower or higher photon energies is often greatly enhanced with mid-IR
input fields, relative to visible and NIR inputs”.

HHG and THz generation are promising applications of LWIR lasers as secondary
radiation sources, particularly benefiting from picosecond oz, ideally, femtosecond LWIR
pulses. A key advantage of LWIR lasers for these applications lies in the well-known
scaling U, o A2, which allows LWIR fields to more effectively drive electronic and bipolar
responses in materials and gases. This facilitates the efficient generation of deep ultraviolet
(UV) and X-ray photon energies, as well as down-conversion to THz frequencies.

The mechanism of HHG in atomic gases relies on the creation of a strong dipole
moment between an ionized atom and an electron. The electron is ejected from the atom via
potential barrier suppression induced by a strong laser field, and subsequently recollides
with the atom during the next half-cycle of the laser [99]. The high-energy cutoff of the
harmonics radiated by this dipole, given by 3.2U), + U;, is determined by the atom’s first
ionization potential (U;) and the average electron energy upon impact (3.2U,) [100]. The
intensity of harmonic generation from an individual dipole is also governed by U,,.
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Considering the phase-matching condition necessary for HHG in a neutral gas, the
cutoff energy scales as A!7 [99,101], suggesting that HHG supercontinua driven by a CO,
laser could reach photon energies as high as 10 keV. Such HHG sources hold promise for
applications in attosecond X-ray spectroscopy [100]. Progress in this direction hinges on
the development of novel high-repetition-rate femtosecond LWIR sources (see Section 2).

A key challenge in extending HHG drivers deeper into the LWIR range is the predicted
drop in the energy conversion efficiency, which scales as A > — A6 [101,102]. Nevertheless,
the advantages of long-wavelength laser drivers for HHG have been convincingly demon-
strated using a 3.9 pum pump laser [103], spurring interest in experimental demonstrations
in the 9-10 pm range accessible with CO, lasers.

THz sources are highly desirable for a wide range of applications, from material
science to particle acceleration [104,105]. Their non-ionizing nature and ability to penetrate
a biological tissue make THz radiation a promising alternative to X-rays for detecting
cancerous cells [106,107]. When focused on millimeter-scale spot sizes, THz beams can
produce electric fields in the order of GV/m. These intense fields enable the study of
structural transitions in polar molecules. Furthermore, the associated transient magnetic
fields, reaching the order of a Tesla, can be used to induce magnetic or spin excitations in
atoms and molecules and to observe their dynamics on a picosecond timescale.

Currently available high-power THz sources range from large-scale facilities, such as
linear accelerators [108], to compact systems based on optical rectification (OR) in nonlinear
crystals [109]. Both approaches have their limitations.

Accelerator-based THz sources based on coherent transition radiation (CTR) deliver
high peak power (megawatts) and high repetition rates but are large, expensive, and offer
limited accessibility. Another active area of accelerator-based research is the generation of
narrowband THz FEL radiation using low energy linacs and undulators. These proof-of-
principle experiments pave the way for tunable, high-repetition-rate THz sources providing
pulses with energies in the millijoule range [110].

Compact OR-based sources, presently driven by NIR lasers, are more economical;
however, their yield is constrained by the damage threshold of the nonlinear crystals. The
use of LWIR radiation is particularly appealing for OR-based methods due to its low multi-
photon absorption in small bandgap semiconductors like GaAs. This characteristic helps
reduce crystal damage, thereby increasing THz yields to several millijoules per pulse [111].

In contrast, material damage limitations do not apply to laser-generated plasmas from
solid targets. In such cases, THz EM waves emerge as transition radiation, generated when
hot electrons propagate through the target crossing the target-vacuum rear boundary.

THz pulses at the 200 m] level and terawatt scale, emitted from the rear side of the foil,
with up to ~0.3% laser-to-THz energy conversion efficiency, have been demonstrated at
picosecond NIR laser facilities [112], using setups identical to those employed for the TNSA
method of laser-driven ion acceleration. The intensity of this radiation is quadratically
proportional to the total electric charge carried by hot electrons. Consequently, the high
efficiency of LWIR lasers in generating hot electrons, as highlighted in Section 3.3, could
prove equally advantageous for THz production in this regime. This promising potential
has yet to be experimentally verified.

4.2. Inverse Compton Scattering

We now shift our focus to X-ray sources based on inverse Compton scattering (ICS), a
process that involves the interaction of electron and laser beams. This approach has been
extensively studied at ATFE, leveraging the facility’s access to lasers and an electron linac.

Passing through the laser focus, relativistic electrons with velocity v = Bc, where
B is the relativistic factor, scatter laser photons within a narrow-divergence cone of
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a half-opening angle 6y = 1/4, centered along the electron beam propagation, where

v = \/1177 = ¢,[MeV]/0.511 is the Lorentz factor. The scattered photons emerge Doppler-

shifted to the wavelength
A z—A (1+a2+7292+¢2/4),
T 42 0

where 0 is the observation angle and ¢ is the collision angle [113]. In the case of a counter-
propagation geometry, ¢ = 0, we obtain the shortest wavelength of scattered X-rays and
the best efficiency of the laser/e-beam interaction.

To estimate the total number of scattered photons (N,) under realistic experimental
conditions—where electron bunch containing N, electrons matches the cross-section of the
laser focus, and the laser/e-beam interaction length is limited by the Rayleigh range of the
laser focus, Zg = nw% / A—we use the following formula:

ny = (TTNgnLZR,

where o7 = 6.65 x 10717 um? is the Thomson cross-section, and 1 is the number density
of laser photons.

4.2.1. ATF Experiments

An LWIR laser delivers an order-of-magnitude higher number of photons per joule
of energy compared to NIR lasers. This advantage supports the expectation of high
quantum yields in ICS. For the ATF’s LWIR laser focused to wy ~ 20 um, we estimate
np ~ 2 x 10% photons/cm? and Zg = 140 um. For 1 nC (N, = 6 x 10°) picosecond electron
bunches typically provided by the ATF linac and focused to a size compatible with the laser
focus, the ICS X-ray yield is estimated to reach 2 x 10? photons per shot [114]. These high
yields allow for single-shot imaging of X-ray fluxes using high-resolution microchannel
plates, facilitating a broad range of applied ICS studies.

One such application is single-shot phase-contrast tomography, which also benefits
from the spatial coherence of the ICS X-ray beam radiated by an electron beam with a small
cross-section (~10 pm). This method offers significantly higher image resolution compared
to traditional absorption-based techniques.

Single-shot tomography is particularly suitable for time-resolved imaging of fast
processes or for examining delicate objects that evolve under prolonged irradiation. To
achieve this, the method requires short X-ray fluxes sufficient to record images in a single-
shot exposure.

The ability to retrieve phase information from single-shot images of material and bio-
logical test objects using ICS sources was first demonstrated in ATF experiments [115,116].
These experiments utilized 10 keV picosecond ICS X-rays generated by the interaction of a
CO, laser beam with 80 MeV electron bunches.

In contrast, systems employing NIR lasers typically require multi-shot exposures to
achieve similar results.

Notably, in the focused ATF LWIR laser beam, the parameter a¢ can reach and exceed
unity, signifying that the laser field is sufficiently strong to drive oscillating electrons into a
regime of relativistic transverse motion. In this regime, the transverse oscillations become
non-sinusoidal, and the Lorentz force arising from the laser’s magnetic fields induces a
nonlinear figure-eight electron motion in the relativistic frame. This motion gives rise to
three significant effects:
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First, the direct propagation of electrons slows down as they are redirected into
transverse oscillations. This phenomenon can also be described as an effective mass
increase, m,,f = (y)m,, which results in redshift in the radiated spectrum.

Second, the nonlinear motion introduces harmonic components into the radiated
spectrum, enriching its complexity and expanding its frequency range.

Finally, the nonlinear transverse motion imparts distinctive signatures in the an-
gular radiation spectrum, particularly within the harmonics, allowing for their spatial
discrimination.

The scaling of ap with A, enabled by the use of LWIR lasers, facilitates access to
the nonlinear ICS regime. This regime was rarely explored experimentally before ATF
experiments, which successfully achieved single-shot visualization of the characteristic
intensity distribution of second and third harmonics, along with a redshift consistent with
theoretical predictions [117,118].

4.2.2. Possible Light Sources Based on LWIR Lasers

A laser EM field can be conceptualized as a virtual undulator, offering key advantages
of synchrotron light sources (SLSs), such as directionality and monochromaticity. ICS
sources extend these capabilities by enabling access to hard X-ray and gamma spectral
ranges, surpassing the reach of contemporary SLSs. This enhancement is possible because
the laser wavelength is orders of magnitude shorter than the period used in conventional
magnetic wiggler arrays of SLSs, leading to a significant increase in the frequency of
relativistic electron oscillations. Furthermore, the ICS process requires much less energetic
electrons to achieve the X-ray range covered by SLSs, paving the way for the development
of relatively compact and cost-effective X-ray sources.

Building on proof-of-principle demonstrations [119], the concept of dedicated ICS
sources has been realized in practical applications. Examples include the Lyncean Compact
Light Source [120], a commercial system operating in the soft X-ray range, as well as
gamma-ray sources under development, such as those at the High Energy Accelerator
Research Organization (KEK) [121] and Extreme Light Infrastructure Nuclear Physics (ELI-
NP) [122]. At the same time, several proposals have been made to adapt existing or newly
constructed electron accelerators into high-power ICS sources [123,124].

Most of these ICS projects combine electron beams with pulses from mode-locked, NIR,
solid-state lasers. These lasers can operate at multi-megahertz repetition rates, synchronized
with RF electron beam sources such as synchrotrons and superconducting energy recovery
linacs (SERLS).

Although mode-locked quasi-continuous-wave (quasi-CW) lasers typically have rela-
tively low average power, around 100 W, their potential for driving intense ICS can be signif-
icantly enhanced by employing high-finesse Fabry—Perot cavities. These field-enhancement
cavities (FECs), tuned to resonate with the laser repetition rate, can accumulate multi-
kilowatt average laser power distributed across short picosecond pulses circulating inside
the cavity.

When synchronized with counter-propagating electron bunches from high-current
accelerators, these laser beams could achieve time-averaged ICS X-ray fluxes of approx-
imately 10'? photons per second—over a million times greater than conventional X-ray
tubes. This capability positions ICS sources as complementary tools to synchrotron light
sources (SLSs) for applications such as structural studies of materials and biological systems,
while extending their reach to harder X-rays.

The dual-wavelength combination of laser and X-rays available with pulsed ICS
sources presents an attractive opportunity for pump—probe studies. Achieving this requires
intense X-ray flashes to produce meaningful datasets from a single pulse. However, the en-
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ergy per laser pulse circulating inside an FEC, currently limited to 0.1-1 m], restricts single-
shot X-ray yields from such ICS sources to a few thousand photons per pulse—insufficient
for most pump-probe applications. Increasing the X-ray yield at a given accelerator current
would require significantly more laser photons per pulse than current NIR FEC technology
can provide. To address this limitation, an approach leveraging state-of-the-art short-pulse
LWIR lasers has been proposed [36].

Joule-class pulsed CO; lasers can deliver a significantly greater number of photons
into the laser—e-beam interaction region, generating picosecond X-ray fluxes that exceed
those of NIR-FEC-based ICS sources by several orders of magnitude. This high flux enables
single-shot, ultrafast imaging, making CO; laser-based ICS sources an optimal choice
for studying dynamic processes at the temporal and energy scales of phase transitions,
chemical reactions, and molecular interactions.

To achieve an ICS source with high average power and brightness, the laser must
operate at a high repetition rate. Commercially available small-aperture (up to 22 mm)
high-pressure CO, gas lasers can operate at repetition rates of up to 300 Hz, while an inter-
electrode distance of approximately 50 mm is also achievable using current high-voltage
pulse-forming network technology. By employing pulse-burst mode to multiply the repeti-
tion rate, an effective rate exceeding 10 kHz can be achieved [36]. Although this remains
orders of magnitude lower than the multi-MHz repetition rates of RF accelerators and mode-
locked solid-state lasers, the significantly higher pulse energy achievable with CO; lasers,
coupled with a greater photon yield per unit of laser energy, allows these systems to achieve
average X-ray photon intensities comparable to quasi-CW NIR FEC-based approaches.
This has been demonstrated by comparing earlier proposed ICS light sources—based on
electron accelerators at Cornell and Frascati driven by NIR lasers [123,124]—with those
utilizing a CO; laser driver [36].

X-ray brightness is typically the primary parameter used to characterize and compare
different light sources. Therefore, it is instructive to evaluate existing and emerging light
sources based on this metric, as illustrated in Figure 12.
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Figure 12. Comparison of ICS sources based on CBETA and DA®NE electron accelerators with
third-generation SLSs and ELI-NP [36].

Similar arguments apply to predicting the performance of ICS sources driven by
high-power kHz-class NIR laser systems, whose parameters are comparable to those
proposed for high-repetition-rate CO, lasers. Consequently, we can anticipate shifting the
ICS spectrum to approximately ten-times-higher energies, albeit with roughly an order of
magnitude smaller brightness.
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Overall, the utility of X-ray and gamma radiation is highly application-dependent,
with the photon energy requirements spanning several decades. This breadth cannot be
fulfilled by a single source. Consequently, a diverse array of ICS sources—integrating
the capabilities of both ring-based and linac-based systems, along with various laser
drivers—will be essential to deliver the wide range of characteristics needed to meet
current user demands and future challenges.

4.2.3. Electron-Positron and Gamma Colliders

The relevance of LWIR lasers to future plasma-based e e™ colliders goes beyond
their role as a practical research tool for exploring low-plasma density LWFA regimes, as
discussed in Section 3.1. In addition, LWIR lasers could be considered for lepton-to-gamma
converters in both e~ e™ and gamma—gamma () colliders, independent of the particle
accelerator technology employed.

Developing a positron injector is one of the most challenging tasks for realizing
the next generation e~ e™ collider. For example, the International Linear Collider (ILC)
design specifies a 3-nC charge per positron bunch. Intense beams of circularly polarized
gamma rays in the ~30 MeV energy range are needed to produce polarized positrons via
bremsstrahlung on a high-Z solid target, with an expected efficiency of converting polarized
photons into polarized positrons of about 2% [125]. Consequently, for each positron,
50 gamma photons are required as precursors. The ICS method, utilizing backscattering of
a high-intensity 10 um laser beam off a 4 GeV e-beam, is one of the proposed schemes for
such a positron source [126]. This could be achieved via ICS at ten consecutive IPs, where a
4 GeV e-beam, carrying 15 nC charge per bunch, undergoes a head-on collision with a 2 J,
several-picosecond LWIR laser pulse to produce one photon per electron (N, /N, = 1). In
comparison, a 20 Joule 1 um laser pared to a 1.3 GeV e-beam would be required to achieve
the same condition. Simultaneously, this would increase the fraction of electron energy
lost in each scattering event and make it more difficult to maintain a small e-beam size
over multiple IPs due to inherently bigger geometrical emittance of an electron beam of a
smaller energy. These considerations suggest that the CO;, laser could be the optimal driver
for the ICS-based polarized positron source [126].

Lepton linear colliders can be readily converted into photon colliders through the ICS
process. This offers an opportunity to study lepton-y and 7y interactions at comparable
energies and luminosities, alongside e~ e™ collisions. The 7+ collider is regarded as a
valuable extension of a lepton collider, as it facilitates the direct production of Higgs bosons
and provides high cross-sections for pair production of new supersymmetric particles.

Furthermore, if a dedicated stand-alone 7y collider were ever considered, its potential
technical advantages come to play. These advantages include the elimination of the need
for a more complex positron accelerator, as two electron beams would suffice, and the
potential to utilize a more energy-efficient, higher-luminosity, low-density LWFA regime.
As discussed in Section 3.2, CO, lasers could be valuable in this context. Once the beam-
strahlung limitation on the maximum bunch charge is no longer a constraint, the scaling
of the bunch particle number with plasma density (N, o 1/,/%,) can be fully exploited.
Given that collider luminosity £LxN?, this opens up the possibility to reduce the repetition
rate (f o« n,), as well as the electron beam power and the total average laser power (/7).

As demonstrated by the examples in Table 1, the increase in acceleration per stage
at reduced plasma density leads to higher energy requirements for lasers driving each
individual stage. This trend is particularly demanding for NIR lasers in low-density regimes
(e < 3 x 10'° ecm~3), which require multi-PW peak power and multi-kJ pulse energy. In
contrast, mid-IR CO; laser parameters appear more practical and achievable, providing
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just tens of TW peak power and tens of joules of pulse energy to generate electron bunches
with the same charge.

A specific limitation for gamma colliders is imposed by the re-scattering of Compton
photons by the laser beam into e e™ pairs. This occurs when the product of the laser
photon energy, fiw, and the gamma energy, fiw., exceeds the square of the electron rest
energy, i.e,, when ww, > m?c*/H2. Based on this condition, the optimum laser wavelength
can be derived as A[um| = 4.2¢,[TeV]. For A = 10 pm, this corresponds to ¢, = 2.4 TeV. This
shows that an LWIR laser is much more effective in suppressing parasitic re-scattering in a
prospective collider compared to an NIR laser.

It is important to note that for both ICS applications considered for future colliders, a
~1 TW picosecond LWIR laser will be required. This is within current technical capabilities,
with the main challenge being an improvement in the repetition rate.

5. Directed Energy
5.1. Mega-Filaments

Up until now, we have focused on processes involving LWIR laser beams converging in
a vacuum onto a material, plasma, or electron beam. Now, let us consider a simpler scenario:
a powerful laser beam propagating through air. At high laser intensities, the nonlinear
component of the refractive index in air, 115, causes the Kerr effect—positive lensing, which
counteracts the beam’s natural diffraction. These two competing effects—focusing and
divergence—reach equilibrium at the critical power P, = 3.77A%/87ngn,, where ny is
the linear optical refractive index. When P > P, the beam undergoes self-focusing. The
beam collapse is prevented by the defocusing effect of plasma generated by a combination
of multiphoton, tunneling, and avalanche ionization of molecules in air. The generated
plasma introduces a negative contribution to the refractive index, leading to defocusing of
the laser. A dynamic competition between these opposing focusing and defocusing effects
is established, allowing the beam to remain confined over long distances, significantly
exceeding the Rayleigh range [127].

Due to the negligible variations in the refractive indices of air across the NIR and
LWIR spectral ranges, the P, « A? dependence holds. This results in a critical power
ranging from P, ~ 10 GW at A =1 um to P, =& 1 TW at A = 10 pm. While this may seem
attractive for short-wavelength radiation, it becomes a disadvantage at higher intensities
(P > P.), where a single beam breaks into multiple filaments that fan out from the original
beam propagation, with each filament carrying a power of P ~ P. This small-scale
filamentation [128] is triggered by intensity fluctuations in the beam profile, which are
amplified by modulational instability. As a result, a higher P, allows LWIR beams to
transport significantly higher energy in a well-collimated manner compared to NIR beams.

It has been predicted that beam parameters also scale with A, causing a single filament
to extend from tens of meters in length and ~100 pum in diameter at NIR wavelengths to
approximately 1 km and 1 cm, correspondingly, at LWIR wavelengths.

Additionally, Earth’s atmospheric transmittance favors certain spectral windows with
low molecular absorption. Among these, the LWIR atmospheric window between 8 and
14 pum offers the smallest molecular and aerosol scattering.

Laser filamentation in air has been extensively studied in the NIR spectral range,
where most intense ultrafast lasers operate [129]. However, only recently have the first
experimental validations of the LWIR filamentation regime been conducted [130-132]. In
recent ATF experiments [131,132], researchers employed laser pulses with a duration of
3.5 ps and >1 TW peak power at a central wavelength of 10.2 um. These experiments
revealed the formation of a single centimeter-diameter filament in air, capable of carrying
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several joules of energy over a distance of 32 m (~20Zg), constrained only by the available
laboratory space.

5.2. Applications

Long-distance, single-filament laser beam propagation is significant not only for
energy transport and the potential creation of extended ionized channels for lightning
mitigation but also for many other applications relevant to the field of directed energy
research. These include remote atmospheric probing, detection of radioactive sources, and
radiofrequency (RF) EM pulse generation. Two such opportunities have been explored at
ATF and are discussed in this section. In both cases, the benefits of wavelength scaling, as
highlighted earlier in the context of ionization and electron heating processes, are evident
once again.

Long-range stand-off detection of radioactive materials is an application of significant
interest to various communities, including national defense and disaster response. The
ATF’s LWIR laser enables the exploration of a novel detection method that leverages a
laser-driven electron avalanche, initiated by air ionization in the vicinity of a radioactive
source [133]. The method is aimed at high-sensitivity detection of ionizing sources that
produce ultra-low concentrations of electrons and negative ions—down to one part in
10'°. In this context, even a very low ionization rate of neutral air by the laser could seed
spontaneous avalanches, potentially obscuring the desired diagnostic signals.

The use of an LWIR laser ensures high detection sensitivity by offering two impor-
tant advantages:

First, the small photon energy of LWIR lasers significantly reduces ionization probabil-
ities compared to NIR lasers. For example, at 1 TW/cm?, the probability of multiphoton
ionization of oxygen at A = 9.2 um is approximately 10> times lower than at A = 1 um,
thereby greatly enhancing the selectivity and sensitivity of this diagnostic technique.

Second, the electron heating rate scales with I} A2, enabling more efficient avalanche
generation at longer wavelengths.

Figure 13 illustrates this capability, showing an LWIR laser filament collapsing into a
bright spark of super-critical plasma upon entering a region pre-ionized by alpha radiation
from a Po-210 source with milli-Curie-level intensity [134]. The joule-level energy of LWIR
pulses, with picosecond durations, might be sufficient to induce detectable avalanches up
to a kilometer away [135].

Figure 13. Detection of a radioactive source in the ATF user experiment [134].

Secondary radiation from laser-driven plasma filaments offers access to the microwave
spectral range. For these radiation fields to emerge, plasma currents must act as radiating
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sources. Two primary contributors to these currents are the bulk plasma current and the
plasma surface wake current, both of which are driven by the ponderomotive force of the
laser field. These currents propagate at the speed of light behind the laser pulse, generating
a cone of radially polarized, broadband microwave electromagnetic waves. The strongest
emission lobe has an opening angle of 6 ~ \/Agrp/L, where Ag is the wavelength of the
detected RF signal and L is the plasma column length.

The magnitude of these currents and the resulting radiation strength scale strongly
with the laser wavelength due to their ponderomotive origin [136]. This scaling was
experimentally verified at ATE, where a 9.2 um laser demonstrated a laser-to-RF energy
conversion efficiency approximately 300 times higher than a 1 pm laser with similar
parameters [137]. Figure 14 illustrates this outcome. Note that the RF intensity is quadratic
to the measured RF field amplitude shown in the plots of Figure 14.
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Figure 14. Comparison between detected field amplitudes within the 2-33 GHz spectral range
produced by NIR and LWIR laser-driven plasma filaments [137].

Measuring the microwave radiation provides valuable insight into the internal dynam-
ics of the plasma channel. On a practical note, the ponderomotive currents in air plasmas
may serve as useful sources of microwave radiation for ultrabroadband, single-shot, and
pump—probe spectroscopy. This could enable the measurement of material properties in
the RF spectrum on a picosecond timescale, which has traditionally been difficult to access
but is becoming increasingly significant in technological applications.

6. Conclusions

Until recently, the performance of pulsed LWIR lasers was comparable to that of
high-peak-power NIR lasers from the early 1990s, prior to the development of the chirped
pulse amplification (CPA) technique [4]. Since the advent of CPA, ultrafast NIR lasers have
driven significant progress in plasma-based accelerator research. The recent incorporation
of the CPA method into gas laser technology [2,16] positions LWIR lasers to become a
valuable complement to NIR lasers, opening new avenues for future breakthroughs in
the field.

The primary goal of this paper is to raise awareness within the scientific community
working in advanced accelerators and radiation sources about the unique capabilities of
LWIR lasers in addressing critical challenges outlined in recent guiding reports. Notably,
the 2023 Basic Research Needs Workshop on Laser Technology [98] emphasizes the need
for mid-IR lasers, while the P5 Panel 2024 Report [70] underscores the importance of test
facilities for future particle accelerators.

This review reflects the authors’ insight into the development of ultrafast LWIR laser
technology and its transformative applications in user experiments conducted at the BNL



Photonics 2025, 12, 221

32 of 39

ATF over the past two decades. We have highlighted the advantages of LWIR lasers through
various examples, focusing on the favorable wavelength scaling of key physical phenomena
fundamental to laser-matter interactions. These attributes include ponderomotive electron
heating, avalanche ionization, critical plasma density thresholds, and increased photon
yield per unit of laser energy. This positions ultrafast, high-peak-power LWIR lasers as
promising and versatile tools for strong-field applications.

Potential applications include compact particle sources via laser-driven plasma acceler-
ation, X-ray ICS sources, electron-to-gamma conversion for colliders, EM energy transport
through the atmosphere for remote interrogation of nuclear materials, and the generation
of intense THz and GHz waves.

ATF’s picosecond CPA LWIR laser represents a cutting-edge advancement in high-
peak-power gas laser technology. As efforts to compress its pulses to femtosecond durations
progress, new transformative applications are expected to emerge, further propelling
accelerator science and unlocking new frontiers in related fields.

The examples highlighted in this review represent a limited selection from the broader
range of notable experimental achievements made with the ATF’s CO; laser over the past
three decades, including the following:

o Inverse Cherenkov Electron Acceleration: Relativistic electron acceleration in gas
using radially polarized LWIR laser beams [138], laying the groundwork for direct elec-
tron acceleration in a vacuum [139] and enabling the generation of strong longitudinal
magnetic fields when converting to azimuthally polarized beams [140].

o  First Staged Laser Accelerator: The STELLA experiment demonstrated the first two-
stage, monoenergetic Inverse Free Electron Laser (IFEL) accelerator [141].

e High Gain Harmonic Generation (HGHG): The pioneering FEL method is now
widely used in accelerator facilities globally [142].

e  Multiple Innovations in IFEL Technique: Achievements include monoenergetic
electron acceleration using helical undulators (RUBICON experiment) [143], high-
duty-cycle IFEL operation with bursts of electron bunches interacting with laser pulses
circulating through a laser amplifier [144] and boosting the ICS photon energy by
integrating the ICS process at the output of the IFEL accelerator [145].

These accomplishments underscore the unique synergy between the LWIR laser and
the high-brightness photocathode RF electron linac—a hallmark of the ATF—making it a
one-of-a-kind facility to drive innovation in advanced accelerators and radiation sources.

As a proposal-driven DOE Office of Science National User Facility, ATF provides
access to a broad scientific community interested in pursuing innovative research that
leverages its unique capabilities.
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Abbreviations

The following abbreviations are used in this manuscript:

ATF Accelerator Test Facility

BNL Directory of open access journals
CW Continuous wave

DC Dispersive compression

CPA Chirped pulse amplification

CTR Coherent transition radiation

DOE U.S. Department of Energy

ELI-NP  Extreme Light Infrastructure—Nuclear Physics

EM Electromagnetic

EUV Extreme ultraviolet

FEC Field-enhancement cavity
FEL Free electron laser

GVD Group velocity dispersion
HHG High-harmonic generation

ICS Inverse Compton scattering
IFEL Inverse free electron laser
P Interaction point

LHC Large Hadron Collider
LWFA Laser wakefield acceleration
LWIR Long wave infrared

NIR Near-infrared

Ooro Optical parametric oscillator

OPCPA  Optical parametric chirped pulse amplification
OR Optical rectification

RF Radiofrequency

RPA Radjiation pressure acceleration

RSF Relativistic self-focusing

SLS Synchrotron light source

SM Self-modulated

SPM Self-phase modulation
TNSA Target normal sheath acceleration
UCLA  University of California in Los Angeles
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